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Abstract
Background Genome-wide DNA hypomethylation plays
an important role in genomic instability and carcinogene-
sis. DNA methylation in the long interspersed nucleotide
element-1, L1 (LINE-1) repetitive element is a good indi-
cator of the global DNA methylation level. In some types
of human neoplasms, LINE-1 methylation level is attract-
ing interest as a predictive marker for patient prognosis.
However, the prognostic significance of LINE-1 hypome-
thylation in gastric cancer remains unclear.
Methods Using 203 resected gastric cancer specimens,
we quantified LINE-1 methylation using bisulfite-pyrose-
quencing technology. A Cox proportional hazards model
was used to calculate the hazard ratio (HR), adjusted for
the clinical and pathological variables.
Results Gastric cancers showed significantly lower
LINE-1 methylation levels compared to matched normal
gastric mucosa (p \ 0.0001; n = 74). Tumoral LINE-1
methylation range was 11.6–97.5 on a 0–100 scale
(n = 203; mean 71.4, median 74.4, standard deviation
12.9). LINE-1 hypomethylation was significantly associ-
ated with shorter overall survival [log-rank p = 0.029;
univariate HR 2.01, 95 % confidence interval (CI)
1.09–3.99, p = 0.023; stage-matched HR 1.88, 95 % CI
1.02–3.74, p = 0.041; multivariate HR 1.98, 95 % CI
1.04–4.04, p = 0.036]. No significant effect modification
was observed by any of the covariates in survival analysis
(all p interaction [0.25).
Conclusions LINE-1 hypomethylation in gastric cancer is
associated with shorter survival, suggesting that it has
potential for use as a prognostic biomarker.
Keywords LINE-1 elements  Gastric cancer 
Methylation  Epigenetics  Prognosis
Introduction
Gastric cancer is a very common disease, the fourth most
commonly diagnosed cancer and the second most common
cause of cancer mortality globally [1]. Despite the devel-
opments in diagnosis and treatment technologies, the
prognosis of gastric cancer patients remains poor, even for
those who undergo complete resection of their carcinomas
[2]. After the results of trastuzumab in patients with HER2-
positive gastric cancer, there is increasing interest in the
development of targeted therapies in this lethal disease [3].
Importantly, epigenetic changes, including alterations in
DNA methylation, are reversible, and can thus be targets
for therapy or chemoprevention [4–6]. In addition, the
identification of new prognostic or predictive molecular
markers for gastric cancer could improve the risk-adapted
treatment strategies and help stratify patients in future
clinical trials for drugs targeting these molecular changes.
DNA methylation is a fundamental epigenetic process
that modulates gene expression. Cancer cells show two
types of DNA methylation alterations: global DNA
hypomethylation and site-specific CpG island promoter
hypermethylation [7–9]. Global DNA hypomethylation
plays a crucial role in genomic instability, leading to cancer
development and progression [10–12]. Because LINE-1 or
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the L1 retrotransposon constitutes a substantial portion
(approximately 17 %) of the human genome, LINE-1
methylation levels are regarded as a surrogate marker of
global DNA methylation [13]. Although LINE-1 hypome-
thylation is strongly associated with a poor outcome in
several types of human neoplasms [14–16], the influence of
LINE-1 hypomethylation on the prognosis of gastric cancer
patients remains unclear. Given the potential relationship
between LINE-1 methylation level and genomic instability,
we hypothesized that LINE-1 methylation level might
mark an aggressive type of gastric cancer.
In this study, to test this hypothesis, we quantified
LINE-1 methylation in 203 samples of resected gastric
cancers utilizing a bisulfite-polymerase chain reaction
(PCR)-pyrosequencing assay, and examined the prognostic
significance of LINE-1 hypomethylation in gastric cancer.
Our data suggest that LINE-1 hypomethylation can have a
potential role as a prognostic biomarker.
Materials and methods
Study subjects
A total of 247 consecutive patients with gastric cancer who
were undergoing resection at Kumamoto University
Hospital between April 2005 and December 2009 were
enrolled in this study. Nineteen patients were excluded for
reasons of unavailability of adequate tissue samples.
Because 22 patients received preoperative treatment, they
were excluded from this study. Thus, we initially quantified
LINE-1 methylation in 206 cancer specimens and obtained
valid results in 203 (99 %) of the cases. Thus, a total of 203
gastric cancers were finally included in this study, and 74
cases were randomly chosen from these 203 cases to
evaluate LINE-1 methylation level in normal matched
mucosa. Patients were observed at 1- to 3-month intervals
until death or 30 June 2011, whichever came first. Tumor
staging followed the American Joint Committee on Cancer
Staging Manual (7th edition) [17]. Overall survival was
defined as the time between the date of the operation and
the date of death. In our cohort, the 3-year overall survival
rates of patients treated by gastrectomy were 91.9 % for
stage I, 79.0 % for stage II, 56.8 % for stage III, and
19.5 % for stage IV. These rates are similar to those from
the Japanese Gastric Cancer Association nationwide reg-
istry (94.1 % for stage I, 78.4 % for stage II, 53.2 % for
stage III, and 22.4 % for stage IV), certainly supporting the
absence of bias in our database. Written informed consent
was obtained from each subject, and the study procedures
were approved by the institutional review board. The term
‘‘prognostic marker’’ was used throughout this article
according to the REMARK Guidelines [18].
DNA extraction and sodium bisulfite treatment
Hematoxylin and eosin (H&E)-stained slides of the tumors
were reviewed, and areas of tumors and histologically
normal gastric mucosae adjacent to tumors were marked by
one pathologist (Y.B.). H&E-stained tissue sections of the
largest cross-sectional slice (depending on tissue and tumor
size; on average, large tumor tissue 10 lm 9 1 section)
from each case were scraped off slides for DNA extraction.
Genomic DNA was extracted from the tumor and normal
epithelium. Genomic DNA was modified with sodium
bisulfite using an EpiTect Bisulfite kit (Qiagen).
Pyrosequencing to measure the LINE-1 methylation
PCR and subsequent pyrosequencing for LINE-1 were
performed as previously described by Ogino et al., using
the PyroMark kit (Qiagen) [14, 19, 20]. This assay
amplifies a region of LINE-1 element (position 305–331 in
accession no. X58075), which includes four CpG cites. The
PCR conditions were 45 cycles of 95 C for 20 s, 50 C for
20 s, and 72 C for 20 s, followed by 72 C for 5 min. The
biotinylated PCR product was purified and made single-
stranded to act as a template in a pyrosequencing reaction,
using the Pyrosequencing Vacuum Prep Tool (Qiagen).
Pyrosequencing reactions were performed in the PyroMark
Q24 System (Qiagen). The nucleotide dispensation order
was ACT CAG TGT GTC AGT CAG TTA GTC TG. The
non-CpG cytosine in LINE-1 repetitive sequences has been
documented to be rarely methylated. Thus, complete con-
version of cytosine at a non-CpG site ensured successful
bisulfite conversion. The amount of C relative to the sum of
the amounts of C and T at each CpG site was calculated as
the percentage (i.e., 0–100). The average of the relative
amounts of C in the 4 CpG sites was used as the overall
LINE-1 methylation level in a given tumor (Fig. 1). In
published literature, we have validated our LINE-1 meth-
ylation pyrosequencing assay; we have performed bisulfite
conversion on five different DNA specimen aliquots and
repeated PCR-pyrosequencing five times using four macro-
dissected cancers. Bisulfite-to-bisulfite (between-bisulfite
treatment) standard deviation (SD) ranged from 1.4 to
2.9 (median, 2.3), and run-to-run (between-PCR pyrose-
quencing run) SD ranged from 0.6 to 3.3 (median, 1.2)
[21]. In this study, we used ‘‘LINE-1 methylation
level’’ for LINE-1 methylation as a continuous variable
and ‘‘LINE-1 hypomethylation’’ for LINE-1 methylation
LINE-1 methylation and prognosis in gastric cancer 481
123
as a categorical variable (i.e., hypomethylation vs. hyper-
methylation).
Statistical methods
For the statistical analyses, we used the JMP (Version 9;
SAS Institute, Cary, NC, USA) and the SAS software
programs (Version 9.1; SAS Institute). All p values were
two sided. To compare the means, we performed the t test
assuming unequal variances. For the survival analysis, the
Kaplan–Meier method was used to assess the survival time
distribution, and the log-rank test was used. To assess the
independent effect of the LINE-1 methylation level on
mortality, the tumor stage (I, II, III ? IV) was used as a
stratifying (matching) variable in Cox models using the
‘‘strata’’ option in the SAS ‘‘procphreg’’ command to avoid
residual confounding and overfitting. We constructed a
multivariate, stage-stratified Cox proportional hazard
model to compute a hazard ratio (HR) according to LINE-1
methylation status, containing sex (male vs. female), age at
surgery (continuous variable), tumor location (lower vs.
middle or upper), and histological type (intestinal vs. dif-
fuse). A backward stepwise elimination with a threshold of
p = 0.20 was used to select variables in the final model.
We initially performed the Cox regression analysis with
LINE-1 methylation as a continuous variable and then
performed the Cox regression analysis with LINE-1
methylation as a categorical variable. An interaction was
assessed by including the cross product of the LINE-1
variable and another variable of interest in a multivariate
Cox model; thereafter, the Wald test was performed.
Results
LINE-1 methylation in gastric cancer and matched
noncancerous mucosa
We first examined LINE-1 methylation level in 74 gastric
cancer tissues and matched noncancerous mucosa samples.
The cancer tissues exhibited significantly lower levels of
LINE-1 methylation [median 74.9, mean 72.3, SD 10.1 (all
in 0–100 scale)] than matched noncancerous mucosa
(median 79.4, mean 79.2, SD 5.6) (p \ 0.0001 by the
paired t test) (Fig. 2a).
Evaluation of the association of LINE-1 methylation
level and clinical and pathological variables
Next, we quantified the LINE-1 methylation in 206 cancer
specimens and obtained valid results in 203 (99 %) of cases.
LINE-1 methylation levels in the 203 cancers (Fig. 2b) were
approximately normally distributed: mean 71.4, median
74.4, SD 12.9, range 11.6–97.5; inter-tertile range 70.0–77.4
Fig. 1 Pyrosequencing assay
used to measure the long
interspersed nucleotide element-
1, L1 (LINE-1) methylation
level. a A LINE-1
hypermethylated tumor
(methylation level, 78 %). b A
LINE-1 hypomethylated tumor
(methylation level, 39 %). The
percent (%) (blue) is the
proportion of C at each CpG site
after bisulfite conversion, and
the methylation level of each
CpG site was estimated by the
proportion of C (%). The overall
LINE-1 methylation level was
calculated as the average of the
proportions of C (%) at the 4
CpG sites. The first, third, and
fourth CpG sites follow
mononucleotide T repeats,
resulting in higher T peaks than
the second CpG site, and the
proportion of C (%) has been
adjusted accordingly. Arrows
indicate no residual C at the
non-CpG site, ensuring
complete bisulfite conversion
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(all in 0–100 scale). The LINE-1 methylation level was then
divided into tertiles [Ter1 (77.4–97.5, n = 68), Ter2
(70.1–77.3, n = 66), Ter3 (11.6–70.0, n = 69)] for further
analyses. We found that the LINE-1 methylation level was
associated with tumor stage (p = 0.039; Table 1). However,
in the analysis with LINE-1 methylation as a continuous
variable, there was no significant relationship between
LINE-1 methylation level and tumor stage (p = 0.64,
Fig. 3). LINE-1 methylation was not significantly associated
with other clinical or pathological variables.
Fig. 2 a LINE-1 methylation
levels in 74 gastric cancer and
matched normal mucosa
specimens. The cancer tissues
showed significantly lower
levels of methylation than
matched normal mucosa
(p \ 0.0001 by paired t test).
b Distribution of LINE-1
methylation levels in 203 gastric
cancers
Table 1 Long interspersed
nucleotide element-1, L1
(LINE-1) methylation in gastric
cancer specimens and
association with clinical and
tumor features
Percent (%) indicates the
proportion of cases with a
specific clinical or pathological
feature among each tertile group
(Ter1, Ter2, or Ter3)
Clinical or pathological
feature







All cases 203 68 66 69
Mean age (years) ± SD 70.0 ± 10.4 69.2 ± 10.2 69.3 ± 9.5 71.5 ± 11.4 0.35
Sex
Female 55 (27 %) 18 (26 %) 20 (30 %) 17 (25 %) 0.75
Male 148 (73 %) 50 (74 %) 46 (70 %) 52 (75 %)
Year of diagnosis
2000–2005 77 (38 %) 24 (35 %) 28 (42 %) 25 (36 %) 0.66
2006–2009 126 (62 %) 44 (65 %) 38 (58 %) 44 (64 %)
Tumor location
Lower 72 (35 %) 30 (44 %) 23 (35 %) 19 (28 %) 0.09
Middle 66 (33 %) 19 (28 %) 17 (26 %) 30 (44 %)
Upper 65 (32 %) 19 (28 %) 26 (39 %) 20 (29 %)
T classification
T1a ? b 100 (49 %) 32 (47 %) 36 (55 %) 32 (46 %) 0.43
T2 24 (12 %) 9 (13 %) 4 (6.1 %) 11 (16 %)
T3 48 (24 %) 17 (25 %) 18 (27 %) 13 (19 %)
T4a ? b 31 (15 %) 10 (15 %) 8 (12 %) 13 (19 %)
N classification
N0 130 (64 %) 41 (60 %) 44 (67 %) 45 (65 %) 0.91
N1 29 (14 %) 13 (19 %) 8 (12 %) 8 (12 %)
N2 18 (9 %) 6 (9 %) 6 (9 %) 6 (18 %)
N3 26 (13 %) 8 (12 %) 8 (12 %) 10 (15 %)
Stage
I (IA, IB) 111 (55 %) 39 (57 %) 36 (55 %) 36 (52 %) 0.039
II (IIA, IIB) 40 (20 %) 13 (19 %) 16 (24 %) 11 (16 %)
III (IIIA, IIIB, IIIC) 25 (12 %) 11 (16 %) 9 (14 %) 5 (7.3 %)
IV 27 (13 %) 5 (7.4 %) 5 (7.6 %) 17 (25 %)
Histological type
Intestinal 130 (64 %) 43 (63 %) 47 (71 %) 40 (58 %) 0.27
Diffuse 73 (36 %) 25 (37 %) 19 (29 %) 29 (42 %)
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LINE-1 hypomethylation and patient survival
During the follow-up of the 203 patients, there were a total
of 56 deaths. The median follow-up time for censused
patients was 2.9 years. The primary statistical survival
analysis was the Cox regression test with LINE-1 meth-
ylation as a continuous variable. LINE-1 hypomethylation
was associated with a statistically significant increase in
overall survival rate (univariate analysis p = 0.014). The
univariate hazard ratio for overall survival rate associated
with a 20 % decrease in LINE-1 methylation was 1.96
[95 % confidence interval (CI) = 1.33–2.87]. We also
performed analyses using categorical variables (i.e., ter-
tile). In a univariate Cox regression analysis, compared to
first tertile (Ter1) cases, the third tertile (Ter3) cases
experienced a significantly lower overall survival rate
(p = 0.017, HR 2.24, 95 % CI 1.15–4.63). The second
tertile (Ter2) cases experienced a slightly, but not signifi-
cantly, lower overall survival rate compared to Ter1 cases
(p = 0.12, HR 1.76, 95 %CI 0.85–3.74) (Table 2; Fig. 4).
Based on these results, we made a dichotomous LINE-1
methylation variable (i.e., hypomethylation vs. hyperme-
thylation), defining Ter1 as the ‘‘hypermethylated group’’
and combining Ter2 and Ter3 into the ‘‘hypomethylated
group.’’ Thus, in this study, ‘‘LINE-1 hypomethylation’’
was defined as ‘‘B77.3 %’’ and ‘‘LINE-1 hypermethyla-
tion’’ was defined as ‘‘C77.4 %.’’
In the Kaplan–Meier analysis, LINE-1 hypomethylators
(i.e., Ter2 and Ter3 cases) experienced significantly shorter
overall survival (log rank p = 0.029) than those with
hypermethylation (Fig. 4). In the univariate Cox regression
analysis, compared to LINE-1 hypermethylated cases,
LINE-1 hypomethylators experienced a significantly lower
overall survival rate (HR 2.01, 95 % CI 1.09–3.99,
p = 0.023) (Table 2). In the multivariate Cox model
adjusted for the clinical and pathological features, LINE-1
hypomethylation was found to be associated with a sig-
nificantly lower overall survival rate (multivariate HR 1.98,
95 % CI 1.04–4.04, p = 0.036). Another independent
prognostic factor was histological diffuse type (multivari-
ate HR 1.91, 95 % CI 1.09–3.29, p = 0.023), whereas
neither sex, age, nor tumor location was significantly
associated with overall survival rate.
Interaction between LINE-1 hypomethylation and other
variables in the survival analyses
We also examined whether the influence of LINE-1
hypomethylation on the overall survival was modified by
any of the clinical and pathological variables. We did not
observe a significant effect of modification by any of the
covariates in survival analysis (all p interaction [0.25).
Notably, there was no significant interaction between
LINE-1 methylation and tumor stage (p interaction = 0.68
for stage I, II vs. III, IV; p interaction = 0.97 for stage I vs.
II–IV).
Discussion
In this study, we examined the prognostic impact of
LINE-1 hypomethylation among 203 patients with resected
gastric cancer. Because LINE-1 constitutes a substantial
portion of the human genome, the methylation status of
LINE-1 reflects global DNA methylation level [13]. We
have found that LINE-1 hypomethylation (i.e., global DNA
hypomethylation) in gastric cancer is associated with a
poor prognosis, suggesting that LINE-1 hypomethylation
may be a biomarker that can be used to identify patients
who will experience an inferior outcome.
Fig. 3 Analysis with LINE-1 methylation as a continuous variable
showed no significant relationship between LINE-1 methylation level
and tumor stage (p = 0.64)










































p value 0.023 0.041 0.036
CI confidence interval, HR hazard ratio
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Although the prognostic factors in gastric cancer have
been extensively studied [22–25], little is known regarding
the prognostic value of global DNA hypomethylation. The
relationship between LINE-1 hypomethylation and poor
prognosis has been reported in several types of human
neoplasms (e.g., prostate [26], colon [14], and ovarian [16]
cancers and in chronic myeloid leukemia [27]). Our current
finding in gastric cancer is in agreement with these results.
On the other hand, a study of cutaneous melanoma has
demonstrated that LINE-1 hypomethylation is associated
with a favorable outcome [28], which did not agree with
our current finding. This discrepancy might result from
differences in the tumor histological type. Our data cer-
tainly support a potential role for LINE-1 hypomethylation
as a prognostic biomarker for gastric cancer.
Cancer cells exhibit two types of DNA methylation
alterations: global DNA hypomethylation and site-specific
CpG island promoter hypermethylation [29]. It is well
established that tumor suppressor genes can be silenced
through promoter CpG island methylation during carcino-
genesis [5, 30]. In gastric cancer, a large number of genes
(e.g., CDKN2A, CDK2AP2, CDH1, MGMT, RASSF1,
RUNX3, and DLC1) have been shown to be suppressed by
CpG island hypermethylation [31]. Of these genes, pro-
moter hypermethylation of CDH1 [32] and MGMT [33, 34]
was associated with worse outcomes after surgery for
gastric cancer. In contrast, the prognostic significance of
global DNA hypomethylation is still unknown. To the best
of our knowledge, this is the first study evaluating the
relationship between LINE-1 methylation level and patient
outcome in gastric cancer.
Accumulating evidence supports a crucial role of global
DNA hypomethylation in tumor initiation and develop-
ment: one study with a large sample collection of chronic
gastritis, intestinal metaplasia, gastric adenoma, and gastric
cancer demonstrated that aberrant DNA methylation
occurred in early stages and tended to accumulate along the
multistep gastric carcinogenesis [35]. In some types of
human cancers including gastric cancer, global genomic
hypomethylation has been found in the premalignant stages
[36]. Nonetheless, whether global DNA hypomethylation
influences cancer progression to a more advanced stage has
remained uncertain. Our current finding on the relationship
between LINE-1 hypomethylation and poor prognosis may
support that global DNA methylation may contribute to not
only initiation but also to progression of the gastric tumor.
The mechanism by which global DNA hypomethylation
may confer a poor prognosis remains to be fully explored.
First, genome-wide DNA hypomethylation has been shown
to be associated with genomic instability [10–12, 37],
which might confer a poor prognosis. Second, the tran-
scriptional dysregulation might be another possible mech-
anism, and activation of proto-oncogenes, transposable
elements, or endogenous retroviruses might affect the
tumor aggressiveness. Third, in addition to its role as a
surrogate marker for global DNA methylation, the LINE-1
methylation status by itself likely has biological effects,
because retrotransposons, such as LINE-1 elements, can
provide alternative promoters [38], and contribute to
noncoding RNA expression, which regulates the func-
tions of a number of genes [39, 40]. Further studies are
necessary to validate our findings, as well as to elucidate
Fig. 4 Kaplan–Meier curves for overall survival according to tertiles (Ter1–3) of LINE-1 methylation in gastric cancer. In panels on the right,
Ter2–3 represents the hypomethylated group and Ter1 represents the hypermethylated group
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mechanism(s) by which LINE-1 hypomethylation affects
tumor malignant behavior.
There are limitations in this study. Our cohort included
relatively large numbers of patients (n = 203), but the
validation cohort was missing. Our findings need to be
validated in an independent dataset. In addition, epidemi-
ological data (e.g., smoking history, alcohol drinking his-
tory, Helicobacter pylori infection) were limited.
In summary, the current study suggests that genome-
wide DNA hypomethylation, as measured in LINE-1, is
independently associated with poor survival among
patients with gastric cancer. Future studies are needed to
confirm this association, as well as to examine the potential
mechanism by which genome-wide DNA hypomethylation
affects tumor behavior or progression.
Acknowledgments This work was supported in part by the Japan
Society for the Promotion of Science (JSPS) Grant-in-Aid for
Scientific Research, grant number 23689061.
Conflict of interest No conflict of interest exists.
Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
References
1. Kamangar F, Dores GM, Anderson WF. Patterns of cancer inci-
dence, mortality, and prevalence across five continents: defining
priorities to reduce cancer disparities in different geographic
regions of the world. J Clin Oncol. 2006;24:2137–50.
2. Macdonald JS, Smalley SR, Benedetti J, Hundahl SA, Estes
NC, Stemmermann GN, Haller DG, Ajani JA, Gunderson LL,
Jessup JM, Martenson JA. Chemoradiotherapy after surgery
compared with surgery alone for adenocarcinoma of the
stomach or gastroesophageal junction. N Engl J Med. 2001;345:
725–30.
3. Bang YJ, Van Cutsem E, Feyereislova A, Chung HC, Shen L,
Sawaki A, Lordick F, Ohtsu A, Omuro Y, Satoh T, Aprile G,
Kulikov E, Hill J, Lehle M, Ruschoff J, Kang YK. Trastuzumab
in combination with chemotherapy versus chemotherapy alone
for treatment of HER2-positive advanced gastric or gastro-
oesophageal junction cancer (ToGA): a phase 3, open-label,
randomised controlled trial. Lancet. 2010;376:687–97.
4. Egger G, Liang G, Aparicio A, Jones PA. Epigenetics in human
disease and prospects for epigenetic therapy. Nature (Lond).
2004;429:457–63.
5. Das PM, Singal R. DNA methylation and cancer. J Clin Oncol.
2004;22:4632–42.
6. Kelly TK, De Carvalho DD, Jones PA. Epigenetic modifications
as therapeutic targets. Nat Biotechnol. 2010;28:1069–78.
7. Rodriguez-Paredes M, Esteller M. Cancer epigenetics reaches
mainstream oncology. Nat Med. 2011;17:330–9.
8. Taby R, Issa JP. Cancer epigenetics. CA Cancer J Clin.
2011;60:376–92.
9. Jones PA, Baylin SB. The epigenomics of cancer. Cell.
2007;128:683–92.
10. Gaudet F, Hodgson JG, Eden A, Jackson-Grusby L, Dausman J,
Gray JW, Leonhardt H, Jaenisch R. Induction of tumors in mice
by genomic hypomethylation. Science. 2003;300:489–92.
11. Holm TM, Jackson-Grusby L, Brambrink T, Yamada Y, Rideout
WM 3rd, Jaenisch R. Global loss of imprinting leads to wide-
spread tumorigenesis in adult mice. Cancer Cell. 2005;8:275–85.
12. Suzuki K, Suzuki I, Leodolter A, Alonso S, Horiuchi S,
Yamashita K, Perucho M. Global DNA demethylation in gas-
trointestinal cancer is age dependent and precedes genomic
damage. Cancer Cell. 2006;9:199–207.
13. Cordaux R, Batzer MA. The impact of retrotransposons on
human genome evolution. Nat Rev Genet. 2009;10:691–703.
14. Ogino S, Nosho K, Kirkner GJ, Kawasaki T, Chan AT, Schern-
hammer ES, Giovannucci EL, Fuchs CS. A cohort study of
tumoral LINE-1 hypomethylation and prognosis in colon cancer.
J Natl Cancer Inst. 2008;100:1734–8.
15. Ohka F, Natsume A, Motomura K, Kishida Y, Kondo Y, Abe T,
Nakasu Y, Namba H, Wakai K, Fukui T, Momota H, Iwami K,
Kinjo S, Ito M, Fujii M, Wakabayashi T. The global DNA
methylation surrogate LINE-1 methylation is correlated with
MGMT promoter methylation and is a better prognostic factor for
glioma. PLoS ONE. 2011;6:e23332.
16. Pattamadilok J, Huapai N, Rattanatanyong P, Vasurattana A,
Triratanachat S, Tresukosol D, Mutirangura A. LINE-1
hypomethylation level as a potential prognostic factor for epi-
thelial ovarian cancer. Int J Gynecol Cancer. 2008;18:711–7.
17. Washington K. 7th edition of the AJCC cancer staging manual:
stomach. Ann Surg Oncol. 2010;17:3077–9.
18. McShane LM, Altman DG, Sauerbrei W, Taube SE, Gion M,
Clark GM. Reporting recommendations for tumor marker prog-
nostic studies (REMARK). J Natl Cancer Inst. 2005;97:1180–4.
19. Baba Y, Huttenhower C, Nosho K, Tanaka N, Shima K, Hazra A,
Schernhammer ES, Hunter DJ, Giovannucci EL, Fuchs CS,
Ogino S. Epigenomic diversity of colorectal cancer indicated by
LINE-1 methylation in a database of 869 tumors. Mol Cancer.
2010;9:125.
20. Baba Y, Nosho K, Shima K, Huttenhower C, Tanaka N, Hazra A,
Giovannucci EL, Fuchs CS, Ogino S. Hypomethylation of the
IGF2 DMR in colorectal tumors, detected by bisulfite pyrose-
quencing, is associated with poor prognosis. Gastroenterology.
2010;139:1855–64.
21. Iwagami S, Baba Y, Watanabe M, Shigaki H, Miyake K, Ida S,
Nagai Y, Ishimoto T, Iwatsuki M, Sakamoto Y, Miyamoto Y,
Baba H. Pyrosequencing assay to measure LINE-1 methylation
level in esophageal squamous cell carcinoma. Ann Surg Oncol.
2012;19:2726–32.
22. Kashimura S, Saze Z, Terashima M, Soeta N, Ohtani S, Osuka F,
Kogure M, Gotoh M. CD83? dendritic cells and Foxp3? regu-
latory T cells in primary lesions and regional lymph nodes are
inversely correlated with prognosis of gastric cancer. Gastric
Cancer. 2012;15:144–53.
23. Emoto S, Ishigami H, Yamashita H, Yamaguchi H, Kaisaki S,
Kitayama J. Clinical significance of CA125 and CA72-4 in gas-
tric cancer with peritoneal dissemination. Gastric Cancer.
2012;15:154–61.
24. Stephens MR, Hopper AN, Lewis WG, Blackshaw G, Edwards P,
Osborne B, Thompson IW. Prognostic significance of gastrin
expression in patients undergoing R0 gastrectomy for adenocar-
cinoma. Gastric Cancer. 2007;10:159–66.
25. Yoshikawa T, Tsuburaya A, Kobayashi O, Sairenji M, Miyagi Y.
Protein levels of tissue inhibitor of metalloproteinase-1 in tumor
extracts as a marker for prognosis and recurrence in patients with
gastric cancer. Gastric Cancer. 2006;9:106–13.
26. Cho NY, Kim BH, Choi M, Yoo EJ, Moon KC, Cho YM, Kim D,
Kang GH. Hypermethylation of CpG island loci and hypome-
thylation of LINE-1 and Alu repeats in prostate adenocarcinoma
486 H. Shigaki et al.
123
and their relationship to clinicopathological features. J Pathol.
2007;211:269–77.
27. Roman-Gomez J, Jimenez-Velasco A, Agirre X, Cervantes F,
Sanchez J, Garate L, Barrios M, Castillejo JA, Navarro G, Col-
omer D, Prosper F, Heiniger A, Torres A. Promoter hypome-
thylation of the LINE-1 retrotransposable elements activates
sense/antisense transcription and marks the progression of
chronic myeloid leukemia. Oncogene. 2005;24:7213–23.
28. Sigalotti L, Fratta E, Bidoli E, Covre A, Parisi G, Colizzi F, Coral
S, Massarut S, Kirkwood JM, Maio M. Methylation levels of the
‘‘long interspersed nucleotide element-1’’ repetitive sequences
predict survival of melanoma patients. J Transl Med. 2011;9:78.
29. Jaenisch R, Bird A. Epigenetic regulation of gene expression:
how the genome integrates intrinsic and environmental signals.
Nat Genet. 2003;33(Suppl):245–54.
30. Jones PA, Baylin SB. The fundamental role of epigenetic events
in cancer. Nat Rev Genet. 2002;3:415–28.
31. Kim TY, Jong HS, Jung Y, Kang GH, Bang YJ. DNA hyper-
methylation in gastric cancer. Aliment Pharmacol Ther.
2004;20(suppl 1):131–42.
32. Graziano F, Arduini F, Ruzzo A, Bearzi I, Humar B, More H,
Silva R, Muretto P, Guilford P, Testa E, Mari D, Magnani M,
Cascinu S. Prognostic analysis of E-cadherin gene promoter hyper-
methylation in patients with surgically resected, node-positive, dif-
fuse gastric cancer. Clin Cancer Res. 2004;10:2784–9.
33. Park TJ, Han SU, Cho YK, Paik WK, Kim YB, Lim IK. Meth-
ylation of O(6)-methylguanine-DNA methyltransferase gene is
associated significantly with K-ras mutation, lymph node inva-
sion, tumor staging, and disease free survival in patients with
gastric carcinoma. Cancer (Phila). 2001;92:2760–8.
34. Bae SI, Lee HS, Kim SH, Kim WH. Inactivation of O6-methyl-
guanine-DNA methyltransferase by promoter CpG island hyper-
methylation in gastric cancers. Br J Cancer. 2002;86:1888–92.
35. Kang GH, Lee S, Kim JS, Jung HY. Profile of aberrant CpG
island methylation along multistep gastric carcinogenesis. Lab
Invest. 2003;83:519–26.
36. Jang BG, Kim WH. Molecular pathology of gastric carcinoma.
Pathobiology. 2011;78:302–10.
37. Karpf AR, Matsui S. Genetic disruption of cytosine DNA
methyltransferase enzymes induces chromosomal instability in
human cancer cells. Cancer Res. 2005;65:8635–9.
38. Speek M. Antisense promoter of human L1 retrotransposon
drives transcription of adjacent cellular genes. Mol Cell Biol.
2001;21:1973–85.
39. Peaston AE, Evsikov AV, Graber JH, de Vries WN, Holbrook
AE, Solter D, Knowles BB. Retrotransposons regulate host genes
in mouse oocytes and preimplantation embryos. Dev Cell.
2004;7:597–606.
40. Faulkner GJ, Kimura Y, Daub CO, Wani S, Plessy C, Irvine KM,
Schroder K, Cloonan N, Steptoe AL, Lassmann T, Waki K,
Hornig N, Arakawa T, Takahashi H, Kawai J, Forrest AR, Suzuki
H, Hayashizaki Y, Hume DA, Orlando V, Grimmond SM,
Carninci P. The regulated retrotransposon transcriptome of
mammalian cells. Nat Genet. 2009;41:563–71.
LINE-1 methylation and prognosis in gastric cancer 487
123
